, which encodes a winged-helix/forkhead transcription factor, is the murine homolog of human FKHL7, mutated in individuals with autosomal dominant inherited dysgenesis of the anterior segment of the eye (Axenfeld-Reiger anomaly). Mouse embryos homozygous for null mutations in Mf1 (Mf1 lacZ and Mf1 ch ) show severely abnormal development of the anterior segment. The cornea fails to separate from the lens, resulting in the complete absence of an anterior chamber. There is no differentiation of the inner corneal endothelial layer, as judged by electron microscopy and by absence of labeling with monoclonal antibody to zonula occludens protein 1, a normal component of occluding junctions in wild-type endothelial cells. In addition, the mutant corneal stroma is disorganized and the epithelium thicker than normal. The Mf1 gene is normally expressed in the periocular mesenchyme at E11.5 but is downregulated as the corneal endothelium differentiates. In contrast, Mf1 lacZ expression persists longer in mutant corneal mesenchyme, and abnormal expression is also seen in the mutant corneal epithelium. Based on classical studies with the chick embryonic eye, a model is proposed for the differentiation of the mammalian corneal endothelium from mesenchyme in response to putative signals from the lens. Possible roles for Mf1 in this process are discussed.
INTRODUCTION
The anterior segment of the vertebrate eye is a highly organized arrangement of interdependent tissues, each of which plays a crucial role in normal vision. Key tissues include the cornea, the anterior epithelium of the lens, the iris, and the trabecular meshwork, a sieve-like network of cells that lies in the junction of the iris and the cornea (the iridocorneal junction or angle of the eye). In the normal eye, aqueous humor, produced by the ciliary bodies in the posterior chamber, flows between the iris and the lens and fills the space between the cornea and the lens, known as the anterior chamber. The aqueous humor exits the eye by passing through the trabecular meshwork into Schlemm's canal and from there into the venous system. Factors that inhibit or disrupt the accumulation and flow of aqueous humor may lead to an increase in intraocular pressure, a condition often associated with progressive degeneration of the optic nerve and with glaucoma, one of the leading causes of blindness worldwide (Barishak, 1992; Shields, 1998) .
Severe defects in vision are also associated with abnormalities of the cornea, a highly specialized transparent organ consisting of three cell layers: the outer epithelium, the inner endothelium, and the intermediate stroma, which is made up of fibroblast-like keratocytes separated by tightly packed, regular arrays of collagen fibers (reviewed in Arffa, 1998) . The inner monolayer of polygonal endothelial cells plays a particularly important role in maintaining the transparency of the cornea. Not only does it act as a barrier to the passage of aqueous humor into the cornea, it also pumps out ions and thereby mediates the outflow of water from the stroma. If the endothelium is damaged, the cornea rapidly becomes edematous and opaque until the monolayer is restored. This occurs by cell migration and intercalation, since there is no proliferation of corneal endothelial cells after birth (Edelhauser et al., 1994) . Several inherited disorders of the cornea have been reported in humans. Most relevant to the present study is congenital hereditary endothelial dystrophy (CHED), a condition that can be either autosomal dominant or recessive and is associated with absence of the endothelium, thickening of the stroma, and corneal opacity. While some autosomal dominant cases of CHED have been mapped to chromosome 20, others remain unassigned (for recent review see Mullaney et al., 1995; Kirkness et al., 1987) .
Despite its importance in eye function and in common eye disorders, very little is known about the development of the anterior segment of the mammalian eye. In the mouse, the lens forms from an invagination of an ectodermal placode, a process that starts at about 9.5 days postcoitum (dpc). This is accompanied by the migration of mesenchyme cells of presumed neural crest origin into the space between the lens rudiment and the ectoderm (Haustein, 1983; Pei and Rhodin, 1971) . The process whereby this loose mesenchymal layer is transformed into the corneal stroma bounded by an endothelium has not been described nor is it understood how the cornea subsequently becomes separated from the lens to form an anterior chamber. In contrast, the development of the cornea in chick embryos has been extensively studied (Hay, 1979; Hay and Revel, 1969) and involves two waves of neural crest cell migration. In the first wave, neural crest cells migrating from the periphery enter the region anterior to the lens and form an endothelial monolayer. In the second wave, prospective corneal stromal cells penetrate between the corneal endothelium and epithelium, eventually becoming corneal keratocytes.
A series of classical transplantation experiments in the chick embryo suggests that the differentiation of the cornea and the formation of the anterior chamber depend on inductive signals from the lens. Thus, if the lens is removed, either the mesenchyme does not give rise to a cornea or the cornea degenerates, depending on the stage. If the lens is replaced, but rotated 180°, the cornea also fails to form in most cases. However, a cornea does form in those embryos in which a new lens epithelial layer is generated along the anterior border of the rotated lens. Finally, if an additional lens primordium is placed into an optic cup between stages 16 and 22 a new pupillary border is induced in the optic cup and the adjacent mesenchyme forms both an additional anterior chamber and a cornea with endothelium (Coulombre and Coulombre, 1964; Genis-Galvez, 1966; Genis-Galvez et al., 1967) .
One approach to identifying genes involved in morphogenetic processes in the mouse is to study mutants in which organogenesis is defective. Here, we investigate the abnormal development of the cornea in mouse embryos homozygous for null mutations in Mf1, which encodes a forkhead/winged-helix transcription factor and is expressed in the periocular mesenchyme and presumptive cornea . Recent studies have shown that mice heterozygous for a spontaneous null mutation in Mf1 (congenital hydrocephalus, now Mf1 ch ) have progressive ocular phenotypes, including irregularly shaped pupils, thinning of the iris stroma, and corneal opacification, the severity of the defects depending on genetic background (Hong et al., 1999; Simon John, The Jackson Laboratory, personal communication) . Mf1 is the mouse homolog of human FKHL7/ FREAC3 on chromosome 6p25. Mutations in this gene are associated with autosomal dominant Axenfeld-Rieger anomaly (ARA) (Mears et al., 1998; Nishimura et al., 1998) and Axenfeld-Rieger syndrome (Mirzayans et al., 1999) . Affected ARA individuals, who have a high risk for juvenile-onset glaucoma, have characteristic eye abnormalities, including iris hypoplasia, dysgenesis of the anterior angle and trabecular meshwork, and sometimes corneal opacity. We show that in homozygous Mf1 null mutant mouse embryos, the cornea fails to separate from the lens and the endothelial layer is completely absent. A model is presented for the role of Mf1 in the differentiation and delamination of the endothelial layer from the presumptive corneal mesenchyme, possibly in response to putative signaling factors from the anterior lens.
MATERIALS AND METHODS

Mice and Genotyping
The construction of the null mutation, Mf1 lacZ , in which most of the Mf1 protein coding sequence is replaced with an in-frame ␤-galactosidase gene, and the genotyping strategy have been described . Mf1 lacZ mice were maintained on an outbred (129 ϫ Black Swiss) genetic background. Noon on the day of the vaginal plug is 0.5 dpc.
Histological Analysis and LacZ Staining
Histological sections of homozygous and heterozygous congenital hydrocephalus mice prepared by Dr. Hans Gruneberg were generously loaned from the Hubrecht Laboratory, The Netherlands.
For histological analysis, whole Mf1 lacZ heads (11.5 to 14.5 dpc) or eyes (15.5 dpc to newborn) were fixed in ice-cold, fresh 4% paraformaldehyde (PFA) in PBS overnight (in situ hybridization) or for 30 min (lacZ staining). To ensure good penetration of fixative and embedding media, the posterior hemisphere of eyeballs from older embryos was pierced with a sharpened tungsten needle. LacZ staining was performed as described (Hogan et al., 1994) . For detection of low levels of lacZ expression, samples were placed in X-gal staining solution at room temperature for a few days, then transferred to PBS for staining to proceed for a further few days. After lacZ staining, tissues were postfixed in 4% PFA overnight and embedded in paraffin wax, sectioned, and stained according to standard procedures.
Electron Microscopy
Whole embryonic eyes were placed directly into fresh, ice-cold 4% glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.2, for 3-7 days. While in fixative, the posterior hemisphere of the eye globe was removed using fine iris scissors and the anterior segment returned to the fixative. After fixation, samples were washed overnight in cacodylate buffer, postfixed with OsO 4 , dehydrated, and embedded in Embed 812 (Electron Microscopy Sciences, Fort Washington, PA). Sections 1-2 m thick were stained with toluidine blue. Gold sections were stained with uranyl acetate before viewing.
Immunocytochemistry and Confocal Microscopy
Samples for labeling with rat monoclonal mouse zona occludens protein 1 (ZO-1) antibody (Stevenson et al., 1986) were fixed for 30 min in 4% PFA and washed extensively in PBS. For whole cornea analysis, eyes were fixed, the anterior region of the globe was dissected, and the lens and retina were removed with a tungsten needle. The anterior segment was placed in a microtiter well in which all subsequent immunological procedures were carried out. For cryostat sections, whole eyes were pierced with a tungsten needle while in 4% PFA, rinsed with PBS, and incubated in 15% sucrose in PBS overnight and embedded in OCT (Tissue Tek, Laboratory Tek, Naperville, IL). Cryostat sections of 10 m were placed on Superfrost/Plus slides (Fisher), air dried, and stored at Ϫ80°C until further use. For immunocytochemistry, the tissues were blocked in 2% bovine serum albumin in PBS (PBS/BSA) for 1 h, then incubated in ZO-1 antibody (1:1 in PBS/BSA) overnight at 4°C in a humidified chamber. After three washes in PBS/BSA, samples were incubated in secondary antibody (Cy3-conjugated goat anti-rat IgG, 1:100; Jackson ImmunoResearch Laboratories) at room temperature in the dark for 1 h, washed, and mounted under coverslips in Gel Mount (Biomeda, Foster City, CA). Negative control specimens consisted of tissues incubated with secondary antibody alone. Samples were viewed with a Zeiss LSM 410 confocal microscope using 543-nm excitation.
In Situ Hybridization
Whole heads (11.5-14.5 dpc) or eyes (15.5 dpc to newborn) were fixed in 4% PFA overnight, washed extensively with PBS, and embedded in paraffin wax, and 7-m sections were cut by standard procedures. Section in situ hybridization was carried out as described (Furuta et al., 1997; Hogan et al., 1994) 
BrdU Labeling
Pregnant females were injected with 10 mM BrdU (1 ml/100 g body weight) 2 h before sacrifice. Embryos were removed and processed for histological analysis as described above. BrdU analysis was carried out as described (Furuta et al., 1997) . Briefly, after dewaxing, sections were treated with 20 mg/ml proteinase K for 5 min, followed by treatment with 1.5 N HCl (37°C, 30 min), and neutralized in TBS (3 ϫ 5 min), and endogenous enzymes were blocked by treatment with 0.3% H 2 O 2 in methanol for 30 min at room temperature. Sections were blocked in 0.5% BSA containing 1 U/100 l DNase I, then incubated in anti-BrdU antibody (1:200; Boehringer Mannheim) overnight at 4°C. After washing, sections were incubated in a biotinylated goat anti-mouse IgG F(ab) 2 fragment (Jackson ImmunoResearch Laboratories) for 1 h at room temperature. The color reaction was carried with a Vectastain kit according to the manufacturer's instructions.
Apoptosis Assays
Apoptotic cells were detected by the TUNEL method using an Apoptag in situ detection kit (Oncor) precisely according to the manufacturer's instructions.
RESULTS
The Anterior Segment Fails to Develop in Mf1 ch
Homozygous Mutant Eyes
In 1943, Gruneberg reported the phenotype of embryos homozygous for congenital hydrocephalus (ch), now known to be a null mutation in Mf1 (Gruneberg, 1943; Kume et al., 1998) . Although Gruneberg did not describe any eye abnormalities, apart from the open eyelids at birth, examination of his histological sections clearly shows striking abnormalities of the anterior segment in homozygous mutants. As shown in Fig. 1 , at 17 dpc (as recorded by Gruneberg) the mutant lens is attached to the cornea, and there is no anterior chamber. In addition there is no corneal endothelium and the corneal stroma is significantly thicker than normal. Within the mutant stroma the arrangement of the mesenchyme cells is abnormal: whereas in the heterozygote the corneal mesenchyme cells are flattened and lie in close parallel arrays (Fig. 1C) , in the mutant, the majority of cells appear more stellate and are disorganized and less densely packed (Fig. 1D ). This aberrant corneal morphology was observed in all but the most posterior part of the mutant cornea (closest to the lens) where there is a region of flattened, densely packed cells arrayed parallel to the surface. However, as we explain below, these are not differentiated endothelial cells.
Expression of Mf1 lacZ during Development of the Cornea and Anterior Segment in Heterozygous and Homozygous Mutant Embryos
Since the anterior segment is clearly abnormal in the Mf1 ch homozygous embryos, we asked where and when the gene is normally expressed during eye development, with particular reference to the cornea. This was facilitated by the fact that in the Mf1 lacZ mutant allele, the endogenous gene is largely replaced by lacZ, in frame with the initiator ATG . Cells normally expressing Mf1 therefore stain positively for ␤-galactosidase.
At 11.5 dpc, a layer of quite tightly packed presumptive corneal mesenchyme cells is located between the corneal epithelium and the lens. Mesenchyme cells are also present within the optic cup, between the lens and the retina. In both the heterozygous and the homozygous mutant ( Figs. 2A and 2B and data not shown) all the mesenchyme cells appear to be lacZ positive, whereas the lens is negative. An extensive area of periocular mesenchyme surrounding the eye, including the prospective trabecular meshwork and sclera, as well as the future conjunctival epithelium, also express lacZ. Control experiments in which sections of eyes were hybridized with Mf1 antisense riboprobe showed no difference in Mf1 expression in the mesenchyme between heterozygous mutant and wild-type embryos (data not shown).
At 12.5 dpc, the corneal stroma has enlarged due to an increase in cell number as well the size of the intercellular spaces (Figs. 2C and 2D). In the heterozygote, very few of the corneal stromal cells are now lacZ positive (Fig. 2E ), although periocular mesenchyme remains positive. By contrast, lacZ expression persists in most (though not all) mutant corneal stroma cells (Fig. 2F ). Cells posterior to the lens, which will form the hyaloid vessels and posterior vascular tunic, are also strongly lacZ positive (Fig. 2D) .
The anterior chamber forms as a result of separation between the cornea and the lens, a process which begins between 13.5 and 14.5 dpc in the wild-type eye. In the mutant, this separation does not take place and an anterior chamber fails to develop (see Figs. 9G and 9H for 14.5 dpc). At this time there are very low levels of lacZ expression in the cornea of both the normal and the mutant eyes (data not shown). At 16.5 dpc, the eyelids have closed in the normal embryos but not in the mutant. In addition, the anterior chamber of the normal eye is temporarily occluded by the growth of the lens (open arrow, Fig. 2G ). LacZ expression is restricted to the prospective trabecular meshwork cells, the sclera, and the conjunctival epithelium in both normal and mutant eyes. In addition, the corneal epithelium of the mutant is beginning to express lacZ, and this is clearly visible by 18.5 dpc (Figs. 2J and 3A) and in newborn pups (data not shown).
The abnormalities in morphology and lacZ expression seen in histological sections are also evident in whole mutant eyes (Fig. 3) . At 16.5 (Fig. 3A) and 18.5 dpc (Fig. 3B ) the mutant eye is smaller than normal and is completely surrounded by lacZ-expressing tissues (cornea and sclera). In contrast, in the normal eye, lacZ expression is restricted to the future trabecular meshwork (Fig. 3A) . Furthermore, in all the mutant eyes examined, the pupil is smaller, the iris has an irregular outline (Fig. 3B) , and the lens is significantly reduced in size, although possibly less so than the globe as a whole (Fig. 3C ).
Corneal Endothelial Cells Do Not Differentiate in the Mf1 Homozygous Mutant
As stated above, the appearance of the fluid-filled anterior chamber and the separation of the cornea from the lens normally occurs between 13.5 and 14.5 dpc. This process is associated with the formation of a distinct layer of differentiated endothelial cells on the inner (posterior) surface of the cornea. Since the anterior chamber does not develop in Mf1 mutants, we reasoned that this might be due to the failure of endothelium formation. To explore this possibility, we examined the developing cornea by light and electron microscopy. At 13.5 dpc, the normal corneal mesenchyme is composed of stellate-shaped cells in a loose collagenous stroma located beneath a simple two-layered corneal epithelium (Figs. 4A and 5A ). The most posterior corneal mesenchyme cells closest to the lens are noticeably flattened and elongated and have begun to form connections (zonulae occludens, or occluding junctions) between each other. A space between these flattened cells and the lens capsule has begun to form (asterisks). Some endothelial cells have already developed a single cilium, which is typical of corneal endothelial cells (data not shown). In contrast, in the mutant, the most posterior corneal mesenchymal cells are not appreciably flattened (Fig. 4B) , and they remain closely associated with the lens capsule and pupillary blood vessels (Fig. 5B) .
By 17.5 dpc, there are striking differences between the normal and the mutant corneas (Figs. 4C and 4D ). In the heterozygote, for example, there is a typical, wellorganized, one-to two-cell-layered endothelium in which the cells are elongated and overlapping and connected laterally by numerous occluding junctions (Figs. 4C and 6A) . Endocytic vacuoles are present (Fig. 4C) , and the cells have less rough endoplasmic reticulum (RER) than the stromal cells (Fig. 6A ). Basement membrane material can be seen on the basal surface, though Descemet's membrane is not yet distinctive (Fig. 6A) .
In contrast to normal eyes, in Mf1 mutants the corneal endothelium has not developed by either 17.5 or 18.5 dpc (Figs. 4D and 4F ) nor by the time the pups are born (not shown). The most posterior corneal stromal cells remain loosely attached to the lens capsule or surrounding the pupillary vessels, and although many of the cells have flattened, they do not have a typical endothelial phenotype (Fig. 6B) . They are, instead, more fibroblast-like, with abundant RER. Although occluding junctions can occasionally be seen between posterior stromal cells, a continuous endothelium is noticeably absent: the cells do not consistently touch each other and are often separated by bundles of fibers which at higher magnification reveal the typical banding pattern of collagen. Cilia are never seen. Although the corneal endothelial layer is defective in the mutant, pupillary endothelial cells appear normal and occluding The expression pattern seen at 16.5 dpc persists at 18.5 dpc. In the normal eye (I), the anterior chamber is again visible (asterisk). In addition, the mutant corneal epithelium now expresses lacZ (arrowhead) (J). Abbreviations: cm, corneal mesenchyme; el, eyelid; ir, iris; le, lens; r, retina. Scale bar, 75 m, except in E and F in which it represents 37.5 m.
junctions are frequently seen between cells of the capillary vessels. The lens capsule also appears normal.
In Mf1 mutants, in addition to the defects in endothelial cell differentiation, we also noted numerous abnormalities in the corneal stroma. In the normal 17.5-and 18.5-dpc stroma, the mesenchyme cells (keratocytes) are extremely attenuated and lie in neat arrays parallel to the epithelial surface (Figs. 4C and 4E) . The intercellular space is filled by well-organized collagen fibers and the cells contain numerous RER, typical of active fibroblasts (Fig. 7C) . In the mutant, the corneal keratocytes and intervening collagen bundles are less ordered (Figs. 4D and 4F ). Close to the corneal epithelium, the cells are stellate shaped and the intercellular collagen is arranged in swirls and clusters (though the ultrastructure of the collagen fibrils appears normal) (Fig. 7D) . The more posterior stromal cells are more tightly packed than in the anterior and are sometimes closer together than in the wild-type stroma (Figs. 4D and  4F ). Finally, while the wild-type cornea is completely avascular, capillary blood vessels can be detected in sections of mutant cornea at 18.5 dpc (arrowhead, Fig. 4F ).
Mutant Corneal Epithelium Is Also Abnormal
The epithelium of the Mf1 mutant cornea appears normal at 13.5 dpc, but by 17.5 dpc, there are a number of distinctive abnormalities. The normal 17.5-and 18.5-dpc epithelium does not express lacZ (Fig. 2I) , is made up of two or three cell layers, and is uniform in thickness, with a regular even surface (Figs. 4C, 4E , and 7A). Numerous desmosomal junctions connect the epithelial cells with each other, and the intercellular space is filled with elongated microvillae. Short microvillae are also present on the epithelial surface. Between 17.5 and 18.5 dpc, the normal corneal epithelium thins markedly as a result of flattening of the cells, particularly the basal layer of cells (Fig. 4E) . By contrast, the 18.5-dpc mutant epithelium expresses lacZ (Fig. 2J ) and is composed of five to seven cell layers. The superficial cells stain lightly and are enlarged and are separated from each other by large, microvillae-lined spaces, making the outer surface uneven (Figs. 4F and 7B ). These spaces become more prominent between 17.5 and 18.5 dpc, concomitant with increased Mf1 lacZ expression in these cells. In both the normal and the mutant epithelia, a well-defined basement membrane is visible (Bowman's membrane).
Absence of Organized Zonula Occludens Junctions in the Mutant Cornea
The paucity of occluding junctions in the mutant corneal mesenchyme cells adjacent to the lens suggests that these cells are defective in their ability to synthesize and organize the proteins making up occluding junctions. To address this issue, we examined normal and mutant corneas at 17.5 dpc for the presence of ZO-1 protein, a key component of occluding junctions (Tsukita et al., 1996) . Whole corneas with the lens removed, or frozen sections of whole eyes, were immunostained with a monoclonal ZO-1 antibody and examined under the confocal microscope. As shown in Fig. 8 , the superficial corneal epithelia of both mutant and wild type are associated with bands of occluding junctions (Figs. 8A and 8B). The wild-type endothelium also shows a typical honeycomb arrangement of cells outlined by bands of strong ZO-1-positive staining (Figs. 8C and 8E ). In contrast, in the homozygous mutant there is very little ZO-1-positive staining in the cells adjacent to the lens, and only a few positive spots are visible, both in the whole mount preparation and in the frozen sections (Figs. 8D and 8F , arrowheads). We conclude that a major defect in the mutant cornea is the absence of the continuous bands of tight occluding junctions that normally form between the posterior endothelial cells. Although the mutant corneal stromal cells are able to form some occluding junctions, as evidenced by occasional punctate ZO1 staining, they fail to form the typical bands of junctions necessary for normal physiological barrier function.
Cell Proliferation and Apoptosis Are Normal in Mf1 Homozygous Mutants
The differentiation of corneal stromal cells into a distinct endothelial layer is clearly abnormal in the Mf1 homozy-
FIG. 3.
Exterior appearance of the eye globe and lens. Eyes were removed, briefly fixed, and, in (A), stained for ␤-galactosidase activity. (A) The 16.5-dpc mutant eye is typically microphthalmic and the cornea misshapened. In the mutant the cornea (c) and sclera (sc) are strongly lacZ positive, while in the heterozygote only the prospective trabecular meshwork (tm) is positive. (B) At 18.5 dpc, the mutant pupil is small and irregular and the iris (ir) is dysmorphic. (C) The mutant lens dissected from these eyes is also consistently smaller than normal (at least 10 mutant eyes examined) .  FIG. 4 . Semithin resin sections of normal and mutant corneas to show stages from which electron microscopic samples in Figs. 5, 6, and 7 are taken. (A, B) At 13.5 dpc, the normal and mutant cornea is composed of a thin epithelium (ep) and corneal mesenchyme (cm). Small pupillary capillaries (arrows) abut the lens. The asterisk in (A) indicates the first stage of anterior chamber formation. (C, D) The 17.5-dpc normal cornea has separated from the lens and a well-defined endothelium (en), with endocytic vacuoles (arrowhead) is visible. In contrast, the mutant cornea is still attached to the lens and pupillary vessels. The epithelium of the mutant is thicker than normal and shows an irregular apical border. (E, F) By 18.5 dpc the mutant epithelium has thickened and shows many large intercellular spaces. The mesenchyme cells lie in parallel arrays in the normal. In contrast, they are stellate and disorganized in the mutant, although more tightly packed immediately adjacent to the lens and pupillary vessels. Capillary vessels are seen in the stroma (arrowhead). Scale bar, 50 m. gous mutants. This raises the question of whether other properties of the corneal stroma, for example, cell proliferation, are also defective. We therefore examined BrdU incorporation in wild type and homozygous mutants at two different times: 13.5 dpc, when the anterior chamber initially forms, and 14.5 dpc, after it has formed and when the cornea and its endothelium are expanding as the eye grows. However, no significant difference was seen in the number or distribution of labeled cells at either stage (data not shown).
To explore the possibility that anterior chamber formation (separation of the prospective endothelial cells from the lens capsule) involves programmed cell death, we also examined histological sections of heterozygous and homozygous mutant eyes by the TUNEL reaction. There was no evidence of any apoptotic cells at 13.5 dpc or later (data not shown) in eyes of either genotype. We therefore deduce that cell death is not involved in anterior chamber formation in the mouse.
Gene Expression in the Mf1 Homozygous Mutant Cornea
Defects in the development of the anterior segment of the eye in humans and/or mice are associated with autosomal dominant or recessive mutations in a number of genes. These include the genes encoding the bicoid-related homeodomain transcription factor, Pitx2 (also known as Rieg or Ptx2) (Semina et al., 1996) , the Lmx1b LIM domain transcription factor (Randy Johnson, personal communication), and the Patch mutation which includes the gene encoding platelet-derived growth factor receptor ␣ (Pdgfra) (MorrisonGraham, 1992) . Misexpression of platelet-derived growth factor ␣ (Pdgfa) in the lens of transgenic mice also causes abnormal anterior eye development, including a thicker and expanded cornea (Reneker and Overbeek, 1996) . We therefore asked whether expression of any of these genes is altered in Mf1 homozygous mutants, as might be expected if they lie downstream of signaling pathways in which Mf1 is required.
Lmx1b and Pitx2 are normally expressed in the corneal stroma and probably also in the endothelium, although this cell layer cannot always be distinguished clearly after in situ hybridization. No significant difference was seen in expression of these genes in the Mf1 homozygotes, at either 14.5 (data not shown) or 17.5 dpc (Figs. 9A-9D ). Pdgfa is expressed in both the epithelium and the stroma of the wild-type cornea. The expression pattern shown in Fig. 9E also suggests that it is expressed in the endothelium at 17.5 dpc. In the Mf1 mutant the gene is expressed in the epithelium and stroma. Higher levels are also seen in the region of the cornea immediately adjacent to the lens, where histological analysis shows that more flattened cells accumulate, even though a distinct endothelium is absent (Fig. 9F) . As previously described (Morrison-Graham et al., 1992) , Pdgfra transcripts are present throughout the cornea at 14.5 dpc (Fig. 9G) and are switched on in the anterior lens epithelium around 17.5 dpc (data not shown). No significant difference in expression in either the cornea or the lens is seen in Mf1 homozygous mutants (Fig. 9H and data not shown).
DISCUSSION
Relatively little is known about the molecular and cellular mechanisms underlying the organogenesis of the anterior segment of the mammalian eye. The phenotype of the Mf1 homozygous null mutant mouse cornea reported here provides new genetic insights into this problem. Our findings support the idea that the development of the corneal endothelium is critical for, and concurrent with, the separation of the corneal mesenchyme from the lens and the formation of the anterior chamber. In the Mf1 homozygous mutants, failure to form the corneal endothelium is associated with complete absence of the anterior chamber.
In the chick embryo, it has been proposed that endothelial cells differentiate from neural crest-derived mesenchyme cells that migrate across the anterior surface of the lens from the region adjacent to the developing iris (Hay, 1979; Hay and Revel, 1969) . As described in the Introduction, lens extirpation and transplantation studies in chick embryos also suggest that the initial differentiation of this endothelial population is induced by factors produced by the anterior lens epithelium (Genis-Galvez, 1966; GenisGalvez et al., 1967) . However, there is currently no information about the nature of the putative inducing signal(s) nor the downstream pathways involved in the conversion of mesenchymal crest cells to an endothelial phenotype. The Mf1 mutant provides a model for investigating these problems.
A Model for How the Corneal Endothelium and Anterior Chamber Develop in the Mouse Eye
The morphological changes that we have observed during the development of wild-type mouse eyes suggest that the mechanism of formation of the corneal endothelium in mammals is somewhat different from that proposed for the chick. More specifically, they raise the possibility that there is a direct mesenchymal to endothelial conversion of cells adjacent to the lens epithelium, in response to signals from the lens, rather than a mesenchymal to endothelial conversion in the periphery, followed by inward migration of differentiated cells. Thus, our electron microscope studies show no evidence of migrating endothelial cells. Rather, beginning at around 13.5 dpc, the posterior mesenchyme cells closest to the lens change from a stellate to an elongated shape, with their cytoplasmic arms withdrawing away from the lens (Figs. 4 and 5) . This change in cell shape, which necessarily involves alterations in cell-cell and cell-lens adhesion and in the cytoskeleton, creates a space between the cornea and the lens. Over the next 24 h the endothelial cells continue to flatten and extend and to increase their apicolateral contacts with adjacent cells. Occluding junctions are formed (Fig. 6A ) and these continue 
FIG. 9.
Gene expression in the developing cornea. Sections through the eyes of embryos of 14.5-(G, H) or 17.5-dpc (all others) were hybridized with 35 S-labeled antisense riboprobes. For each probe, heterozygous (A, C, E, G) and mutant (B, D, F, H) sections were processed in parallel and exposed to photographic emulsion on the same slides for the same time. Double-exposure micrographs show silver grains in pink and tissue in blue. The anterior chamber is marked with an asterisk. (A) Lmx1b is expressed in the corneal stroma and possibly also in the endothelial layer (en). (B) No significant difference in expression is seen in the homozygous mutant. The apparent staining in the lens in B (and elsewhere) is an artifact. (C, D) Expression of Pitx2 is also not significantly different between the two genotypes, taking into account the overall lower cell density in the homozygous mutant cornea. (E, F) Pdgfa transcripts are present in the epithelial, stromal, and endothelial cells of the normal cornea and in the anterior epithelium of the lens. In the homozygous mutant expression is also seen in the corneal epithelial and stromal cells, including the more densely packed stromal cells adjacent to the lens. (G, H) At 14.5 dpc, Pdgfra, encoding the Pdgf-A receptor, is expressed in the corneal epithelium and mesenchyme in both heterozygous and mutant eye. At this time in the normal eye both the endothelium (en) and the anterior chamber (asterisk) are just beginning to form and the gene is not expressed in the lens epithelium.
to develop until all the cells in the endothelial monolayer are connected by continuous bands of junctional complexes. This is shown clearly at 17.5 dpc by the threedimensional immunolocalization of ZO-1 protein (Fig. 8) . Based on studies in other systems (Takeichi, 1988) it is likely that prior to the formation of the occluding junctions there is an increase in cell-cell adhesion mediated by cadherins, although this has not been directly studied in the mouse corneal system.
The formation of a corneal endothelial layer in which all the cells are connected by occluding junctions is likely to have important consequences for the formation of the anterior chamber. Most importantly, it may initiate the separation of the cornea from the lens and the accumulation of fluid in the anterior chamber before the stage at which aqueous humor is produced. There is evidence that cells in the intact endothelial layer pump ions from the stroma into the anterior chamber, resulting in water being drawn out of the cornea (Arffa, 1998) . This causes a reduction of the thickness of the cornea and compaction of the cells, as demonstrated in Figs. 4C and 4E, which show thinning of the normal cornea between 17.5 and 18.5 dpc. When the corneal endothelium is damaged, or degenerates, as is thought to happen in human congenital hereditary endothelial dystrophy (Mullaney et al., 1995; Kirkness et al., 1987) , the stroma becomes edematous and the collagen fibers lose their highly regular organization. This phenotype is very similar to that seen in the Mf1 homozygous null mutants in which the endothelial layer never forms at all.
There may be other consequences of the failure of corneal endothelial formation. For example, if the putative factor(s) made by the lens which induces endothelial differentiation continues to be expressed beyond the time when the intact layer forms, then the factor(s) may infiltrate the mesenchymal layer and perhaps penetrate as far as the corneal epithelium, causing it to develop abnormally. This may account for the abnormal morphology of the epithelium and ectopic expression of Mf1 lacZ by 16.5 dpc (Figs. 2H and 2J ). Alternatively, this abnormal morphology may be a secondary consequence of changes in the underlying mesenchyme.
Possible Role for Mf1 in Corneal Development
We have shown that in the absence of an intact Mf1 gene the corneal endothelium fails to form. Studies on Mf1 expression in both heterozygous and wild-type embryos show that the gene is normally expressed in the periocular mesenchyme as it migrates between the surface ectoderm and the lens (Fig. 2) . This mesenchyme is thought to be derived from the head neural crest, although this has not been rigorously established in the mouse embryo. As described above, it is likely that during early eye development factors secreted by the lens induce endothelial differentiation in the adjacent presumptive corneal mesenchyme. If this is indeed the case, it is likely that Mf1 is part of the downstream signaling cascade mediating this inductive process. Alternatively, Mf1 may play a role in regulating the fate of the neural crest cells that move in front of the developing eye so that they are specified as presumptive corneal mesenchyme rather than as presumptive scleral mesenchyme, for example. As presumptive corneal mesenchyme they would be competent to respond appropriately to the putative lens factors. In either case, Mf1 expression is normally downregulated as the cells differentiate (Figs. 2C  and 2E ). However, in homozygous mutants, in which there is no endothelial cell differentiation, Mf1 lacZ expression persists within the presumptive corneal mesenchyme population, at least through 12.5 dpc (Figs. 2D and 2F) . This raises the possibility that Mf1 regulates its own expression.
The hypothesis that we currently favor is that Mf1 is part of the downstream signaling cascade of endothelialinducing factors secreted by the lens. If this is the case, what are the immediate target genes regulated by Mf1? One candidate might be the gene encoding ZO-1, a major component of the bands of occluding junctions that are normally present between wild-type endothelial cells and are clearly absent in the homozygous mutant (Fig. 8) . However, a few punctate patches of ZO-1 staining can be detected in the mesenchymal cells adjacent to the lens, and the epithelial cells do express the protein. It is therefore unlikely that transcription of the zo1 gene is directly and solely regulated by Mf1. We currently favor the hypothesis that Mf1 regulates the expression or function of proteins involved in earlier stages of cell-cell adhesion that precede the formation of apical-lateral occluding junctions (Gumbiner, 1996) . Candidates include the Ca 2ϩ -dependent cell-cell adhesion molecules, cadherins. This model, in which normal cadherin function requires a signal mediated by Mf1, is very speculative and needs to be tested by a variety of techniques. However, it is interesting to note that another characteristic abnormality of the Mf1 null mutant is the failure of prechondrogenic mesenchyme cells of the presumptive embryonic sternum to condense and differentiate into cartilage nodules in response to Bmp2, an intercellular signaling factor . There is evidence that N-cadherin plays an important role in the condensation of mesenchyme cells in response to chondrogenic signals (Chang et al., 1998; Oberlender and Tuan, 1994; Tavella et al., 1994) . This invites the speculation that abnormal cellcell adhesion is a common feature underlying the pleiotypic abnormalities of Mf1 mutant embryos.
While the differentiation of the mutant corneal endothelial cells is clearly abnormal, the capillary endothelial cells adjacent to the lens (pupillary endothelial cells) appear unaffected (for example, Fig. 5B ). Indeed, they persist even until 18.5 dpc in the mutant (Fig. 4F) , and ectopic blood vessels can be seen in the mutant stroma. Since Mf1 is normally expressed in blood vessel endothelial cells this suggests that other members of the forkhead transcription factor family compensate for the absence of Mf1 in this tissue in the homozygous mutant.
Two laboratories have independently reported that mutations in the human homolog of Mf1, known as FKHL7 or FREAC3 on chromosome 6p25, are associated with the autosomal dominant disorder, Axenfeld-Rieger anomaly (Mears et al., 1996; Nishimura et al., 1998) . Patients with this disorder show hypoplasia of the iris, dysgenesis of the anterior angle and trabecular meshwork, occasionally corneal opacity, and increased risk of juvenile-onset glaucoma. We have observed that Mf1 is expressed in the presumptive trabecular meshwork (Kume et al., 1998 and Figs. 2G and 2H) , and experiments are in progress to study the detailed morphology and development of this tissue before and after birth in heterozygous Mf1 mutants on different genetic backgrounds (Simon John and Richard Smith, personal communication). However, no obvious differences have been observed in the development of the cornea of these heterozygous mice compared with wild type. Inherited abnormalities in the anterior segment of the eye are also part of the characteristic spectrum of defects in patients with dominant mutations in Pitx2 (Semina et al., 1996) . The finding that expression of Pitx2 is essentially unchanged in homozygous Mf1 mutants compared with heterozygotes ( Fig. 9) suggests that Pitx2 is not regulated by Mf1. Other possible interrelations between genes expressed in the developing cornea and anterior segment and associated with eye abnormalities are currently under investigation.
